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A new cylindrical ion mirror has been designed to create an electric field that is non-linear or
curved along the flight path axis for general-purpose time-of-flight mass spectrometers. The
inclusion of one or two grids is found to improve the radial field homogeneity especially
around the aperture. Only three cylindrical electrodes are used in the design. Changing the
electrode dimensions and voltages affects the electric field distribution. Once the electrode
dimensions are fixed, there are only two adjustable parameters for achieving optimum
nonlinear electric field shape. Resolving powers of 7000 and 16 100 have been achieved with
kinetic energy variations of 34 and 10.5%, respectively. Simulations show that the electric field
homogeneity in the radial direction enables the use of ion beam diameters up to 15 mm with
only modest loss of resolving power. Increasing the mirror diameter could further increase the
practical ion beam diameter. This article details the electric field distribution within the
cylindrical mirror in both axial and radial directions. The voltages of the middle and rear
electrodes affect the resolving power and the kinetic energy range over which focus can be
achieved. The predicted arrival time spread for a single m/z value is narrower than that caused
by the turn-around time of ions in a gas-phase ion source. In this case, the broad energy range
over which good focus is achieved enables the use of higher extraction fields for turn-around
time reduction. (J Am Soc Mass Spectrom 2000, 11, 759–764) © 2000 American Society for
Mass Spectrometry
In a time-of-flight mass spectrometer, ions are madein an ion source, then extracted to the field-free driftregion, and finally arrive at a detector. To achieve
high resolving power is essential that all ions with the
same m/z reach the detector at exactly the same time.
When the ions start from different locations in the ion
source or with different initial energies, it is necessary
to correct for the resulting kinetic energy differences in
order for simultaneous arrival to occur. The most effec-
tive device to accomplish this has been the ion mirror
[1–3]. There is a potential hill in the ion mirror in which
a time shift occurs as ions enter the mirror, are decel-
erated, turn around, and finally accelerate in the oppo-
site direction. Ions leaving the ion mirror have the same
kinetic energy with which they entered, but are travel-
ing in a nearly opposite direction. Total flight time
corrections occur because the higher energy ions of a
given m/z value enter sooner, penetrate deeper into the
ion mirror, spend more time in the mirror and exit later
than lower energy ions of the same m/z value. When the
field gradient in the mirror is properly adjusted, the
more energetic ions catch up with the less energetic ions
exactly at the detector surface. The mirror designs
presented here represent a new breakthrough in the
tradeoff between the mass resolving power and the
number of elements in the mirror assembly.
The simplest ion mirror has a single stage, which
consists of two parallel electrodes that create a homo-
geneous electric field between them. The more com-
monly used two-stage ion mirror is capable of first- or
second-order focusing, which yields a good resolving
power over a moderate wider range of kinetic energies.
In this type of ion mirror, ion kinetic energies are
reduced by 2/3 in the first retarding region. Generally,
these conventional mirrors can focus ions effectively
within a kinetic energy variation of less than 10%.
An ion mirror with a nonlinear field can even
achieve higher order energy focusing. A nonlinear ion
mirror should have an electric field that is nonlinear in
the axial direction and homogeneous in the radial
direction. Inhomogeneity in the radial direction results
in ion dispersion away from the beam center and
inequity in ion flight time across the useful beam
diameter. There are two approaches to create a nonlin-
ear ion mirror. One is to stack many ring-like diagram
electrodes [4–13] and the other is to utilize fewer
elements with simple geometric shapes [14, 15]. The
disadvantages of the first choice are inhomogeneity of
electric field in the radial direction and tight tolerances
for many parts. Compared with the first choice, the
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second choice is easier to implement for nonlinear
electric fields but their field homogeneity in radial
direction is inadequate and therefore the resolving
power, convergence, and ion transmission are compro-
mised.
An ideal ion mirror would achieve infinite order
focusing of kinetic energy [16]. The voltage in the
electric field follows the law U 5 ax2, where a is a
constant and x is the depth in the ion mirror along the
axial direction. Unfortunately, this parabolic field mir-
ror is difficult to implement and has the disadvantage
of having no field-free flight path.
Results and Discussion
A cylindrical design is chosen here as the shape to
obtain a nonlinear electric field along the mirror axial
direction. Figure 1 shows the configuration of the ion
source, a cylindrical mirror with the front grid and an
ion detector. One or two grids are used to improve the
homogeneity of the electric field in the radial direction,
but they are placed where the difference in electric field
strength on either side is small. Design variations
include the same cylindrical design with two grids.
Cylindrical elements have previously been used in a
nonfocusing (hard) ion mirror that reversed the direc-
tion of the ion trajectory [17].
The ion trajectory is also shown in Figure 1. The
initial ions are evenly distributed in the two-field
source. The kinetic energy depends on the initial loca-
tions and the diameter of the ion beam is for testing the
electric field homogeneity in the radial direction. The
simulation shown in Figure 1 is for 30 ions extracted
from the source, a good number for visualization of the
beam. More ions are used for the analysis of flight time
and the calculation of resolving power. Resolving
power has been calculated with the total flight time
(ttotal) divided by the baseline width (Dttotal) of all ions
with the same m/z. The detector diameter is 40 mm. The
criteria used to evaluate the ion mirror performance are
resolving power and beam convergence over the kinetic
energy range of interest.
Dimensions and Equipotential Line Distributions
To explore the concept of using the dimensions and
voltages on the mirror enclosures rather than dia-
phragms, conical and cylindrical shapes were tested. It
is demonstrated that both shapes work well for good
performance of broad energy focusing with one or two
grids. The cylindrical design presented here is the
easiest to fabricate and optimize in practical operation.
The contour plot in Figure 2 shows the geometry,
dimensions, and the equipotential line distribution of
the cylindrical mirror. There is a middle grid in the
mirror but it is demonstrated that the middle grid can
be removed without affecting the electric field distribu-
tion because the field change in vicinity of the middle
grid is so small that it can be neglected. The front grid
is required to flatten the equipotential lines in the
vicinity of the aperture. The dimensions are important
for achieving an electric field that is nonlinear along the
axial direction and homogeneous in the radial direction.
Generally, the larger the mirror diameter the more
homogeneous the electric field in the radial direction.
Simulations for the cylindrical design with and without
the middle grid have been performed. The presence of
the middle grid has little effect on the resolving power,
but does have a slight effect on the optimum voltages
for the middle and rear electrodes.
Electric Field Distribution Along the Ion Mirror
Axial Direction
If direct electric field distribution versus axial depth is
plotted, the field lines are only slightly curved in the
planes parallel to the entrance grid. These field shapes
are similar to those achieved by Cotter’s group [12, 13].
Figure 3 shows the optimized nonlinear electric fields
achieved in the design. They are plotted as the voltage
deviation from the linearity value. Not surprisingly, the
Figure 1. The arrangement of an ion source, a cylindrical ion
mirror, and a detector. This ion mirror has a front grid but the
cylindrical design with two grids or truncated cones with one or
two grids is also possible. The diameter of the ion beam shown
here is 10 mm. Its diameter at the detector is 25 mm. The distance
between the ion source and ion mirror is 700 mm, while that
between the ion mirror and the detector is 340 mm. The incidence
angle of the ion beam is 2.0 °. The voltages of middle and rear
electrodes in the ion mirror are 1247 and 1896 V, respectively. The
angle for the detector is 2.9 °.
Figure 2. Dimensional data and the equipotential line distribu-
tions of the cylindrical design with two grids (mm).
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optimum field contours are nearly the same with and
without the middle grid. This helps confirm that the
middle grid is optional. There is only a slight field
curvature in the turn-around region, but it is this
curvature that provides the second-order focusing.
Electric Field Homogeneity Study in the Radial
Direction
The radial homogeneity of the electric field in the
mirror has been studied by simulation. Figure 4 shows
the voltage deviation from its axial value along several
trajectories parallel to this mirror axis. The distance of
each trajectory from the axis is r mm. In the region
within a 25 mm diameter (r 5 12.5 mm), the maximum
voltage deviations are less than 1 V for all the ion
mirrors. As the beam diameter is increased, the voltage
deviation increases gradually and then rapidly. The
decrease in resolving power with increasing beam di-
ameters follows this same pattern. Increasing the diam-
eter of the ion mirror results in an improvement in the
off-axis homogeneity and hence the resolving power for
a given beam diameter.
Flight Time Analysis
Changing the voltages of the middle and rear electrodes
optimizes the electric field shapes and thus the resolv-
ing power in a given kinetic energy range. Resolving
power is the criterion used to evaluate the ion mirror
performance. The optimized conditions depend on the
mirror configuration. The results of changing the volt-
ages of the middle and rear electrodes are shown in
Figure 5, in which the flight time distribution over a
kinetic energy range from 1300 to 1790 eV is plotted.
The energy differences of the ions result from different
starting positions in the source. The best flight time
distribution normally has the shape of a flattened “S”
over the energy range. This distribution shape can be
achieved by changing the electrode voltages. For exam-
ple, if a distribution of flight time over a kinetic energy
range has a “\” shape with a given set of electrode
voltages, a flattened “S” distribution can be achieved by
increasing the voltage of the middle electrode or de-
creasing the voltage of the rear electrode. On the other
hand, if a distribution of flight time over a kinetic
energy range has a “/” shape, a flattened “S” shape can
be achieved by decreasing the voltage of the middle
electrode or increasing the voltage of the rear electrode.
In order to get high resolving power over a particular
kinetic energy range, a flattened “S” shape distribution
of flight time over this range is required.
The central flat portion represents the best kinetic
energy range of ions that the mirror can focus. Tuning
the voltage gently can make the central portion as flat as
possible in this kinetic energy range. The width of the
flight time packet Dttotal is used to calculate the resolv-
ing power. For example, the scattered curve is almost
flat to within 2 ns over a kinetic energy range of about
200 eV near the central portion in distribution (c) when
Vmiddle 5 1247 V and Vrear 5 1905 V, but the resolving
power over the full kinetic energy range studied here is
not optimum. Curve (b) is the optimum distribution for
the full kinetic energy range because of a wide flattened
“S” shape, but the width of the flight time pocket is
broader and some of the resolving power is sacrificed.
Figure 3. The curved field along the mirror axial direction. The
vertical coordinate is the voltage deviation (Edev) from the linear-
ity value (ELin). The horizontal coordinate is the depth along the
mirror axis.
Figure 4. The homogeneity of the electric fields in the radial
direction (the voltage deviation from the value on the mirror axis).
Figure 5. The flight time distribution as a function of ion kinetic
energy for the cylindrical ion mirror with one grid. The conditions
for the distributions a, b, and c are as follows: (a) Vmiddle 5 1247 V,
Vrear 5 1895 V; (b) Vmiddle 5 1240 V, Vrear 5 1900 V; (c) Vmiddle 5
1247 V, Vrear 5 1905 V.
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When the middle grid in the cylindrical design is
removed, the optimum performance remains the same.
However, the optimization of voltage adjustments for
the single-grid designs is slightly more difficult as the
adjustments are less interactive. Figure 6 is an example
of an optimized flight time distribution as a function of
ion kinetic energy for the cylindrical ion mirror without
the middle grid. The increase in the distribution of
arrival times for any given kinetic energy over the
mirror with the middle grid (Figure 5) is due to an
increase in radial inhomogeneity. The width of the
flight time packet is about 2 ns over the kinetic energy
range from 1438 to 1625 eV.
The total flight time ttotal includes two parts: in the
mirror tR and in the field-free region tF (ttotal 5 tR 1
tF). Of course, the relative values of tR and tF will be a
function of the kinetic energy, but the sum should be
constant for perfect focusing. Figure 7 shows the total
flight time distribution of the cylindrical ion mirror
with changing electric field distribution for ions with
different kinetic energies. In order to fit all the data on
the same graph, the values are plotted minus the
constants shown. In the figure, a line L has been drawn
through the point for which tR 5 tF. Ideally, the line for
ttotal is parallel to L over a large kinetic energy range.
The symmetry around L shows the compensation of
flight times in the two regions. The detailed data
analysis demonstrates that the compensation in the
middle of the kinetic energy range is very good. The
average tR/ttotal is about 50% in this cylindrical ion
mirror.
Mass Resolving Power
One thousand and 400 ions are used to predict arrival
time spectra. All ions are evenly distributed in the ion
source without any weighting factor. This is the worst
case scenario for ion distribution in the ion source.
Normally the ions in an ion source are more concen-
trated in the source’s center. The arrival times are
recorded over certain kinetic energy ranges and plotted
as a histogram of number of ions versus arrival time.
The ions are equally divided between two adjacent m/z
values. The predicted spectrum for a 300 eV kinetic
energy range is shown in Figure 8. A narrower kinetic
energy range will result in a higher resolving power, so
the resolving power is kinetic energy dependent.
Fifty optimizations were conducted with different
combinations between the voltages of the middle and
rear electrodes. The relationships of resolving power
and electrode voltages are plotted in Figure 9. The
figure shows the voltage optimization of the middle
and rear electrodes over a kinetic energy of 397 eV. It is
demonstrated that there are many combinations of
middle and rear electrode voltages for the best resolv-
ing power. The best resolving power is over 7300 for the
kinetic energy range of interest. This figure can be used
to guide instrument design and characterization of a
new instrument.
Limitations of Nonmirror Factors
The simulated flight time packet with this mirror design
is so narrow that we need to compare the predicted
flight time variance with other flight time broadening
Figure 6. Flight time distribution of the cylindrical ion mirror
without the middle grid. The voltages of the middle and rear
electrodes are 1247 and 1897 V, respectively. The beam diameter of
240 ions is 10 mm.
Figure 7. Flight time distribution in the field-free region and the
ion mirror for the cylindrical ion mirror with two grids. L is a
straight line parallel to the horizontal axis.
Figure 8. A simulated spectrum of ions with adjacent m/z values
over 300 eV kinetic energy range.
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parameters. The most serious of these for a gaseous ion
source is the turn-around time caused by thermal
motion of particles in the ion source. It is described as
follows: without applying extraction voltages, the
charged particles have thermal motions in all directions.
We will consider two of them (along and opposite the
extraction field direction). The ions moving opposite the
extraction direction will move backward until they are
retarded to zero velocity. Then they will be accelerated
in the forward direction. When they return to their
original position, they have their original velocity but in
the forward direction. A static ion mirror cannot correct
this time lost in turning the ions around in the source.
The turn-around times for our two-field ion source are
given in Table 1. The temperature used was 500 K and
m/z 100 m for different extraction field intensities. Both
the most probable and root mean square velocities are
used to calculate the turn-around time. The most prob-
able velocity is low and the root mean square velocity is
high. The range can represent the original velocity
distribution limits of charged particles in thermal mo-
tions. Increasing the extraction field strength reduces
turn-around time. This, however, increases the kinetic
energy range over which focusing is required. Any real
design is a compromise between these two factors, but
having a mirror with wide energy-range focusing is
very helpful.
Besides the turn-around time, there are some other
factors limiting practical mass resolution. The inhomo-
geneity in the source electric field and inhomogeneity of
the electric field in the vicinity of grids can also contrib-
ute to the arrival time spread.
Feasibility for Wider Ion Beam
All the above simulations have been made with an ion
beam of 10 mm diameter and reflectance angle of 2.0 °
from the normal. A diameter of 10 mm may not be
adequate enough for some situations. Larger diameters
of ion beams have been used to test the performance of
these ion mirrors. The results with a 15 mm diameter
beam are compared with the 10 mm beam in Table 2.
A narrower ion beam (d 5 5.5 mm) has also been
Figure 9. The effect of changing the voltages of the middle and rear electrodes over a kinetic energy
variation of 26.5%.
Table 1. Turn-around time of ions with different extraction
field strengths
E 5 600 V/cm E 5 900 V/cm E 5 1200 V/cm
t 5 10.0–12.2 ns t 5 6.7–8.1 ns t 5 5.0–6.1 ns
Table 2. The ion kinetic energy variations for different
resolving powers with different ion beam diameters (d)
Design
R
(d 5 10 mm)
R
(d 5 10 mm)
R
(d 5 15 mm)
2 grids 3 K/24.5% 16.1 K/10.5% 10.9 K/10.5%
1 grid 3 K/24.5% 16.1 K/10.5% 10.9 K/10.5%
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tested, but the results did not show any improvement in
resolving power over that with a diameter of 10 mm.
The resolving powers are the same for the configura-
tions with and without middle grids. With an increase
of the ion beam diameter, or reflectance angle, the
resolving power decreases. This decrease is caused by
the increase of electric field inhomogeneity in the radial
direction that broadens the width of the flight time
packet.
Conclusions
To apply the concept of using the dimensions and
voltages on the mirror enclosures rather than dia-
phragms, several variations such as truncated cones
and rectangular boxes can also provide good nonlinear
electric fields. The front grid is always required to
obtain better radial homogeneity of the electric field
around the grid. An additional electrode may affect
both the resolving power and the flight path for fitting
different optical systems. Very narrow peak widths can
be generated for accurate mass measurement. The best
resolving power is dependent on the ion kinetic energy
range and voltages of the middle and rear electrodes.
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